SUDDEN CARDIAC DEATH {#sec1-1}
====================

The term Sudden Cardiac Death (SCD) has been used for several centuries and throughout this time different authors have debated how to define it most appropriately. SCD is defined as follows: 'Natural death due to cardiac causes, heralded by abrupt loss of consciousness within 1 h of the onset of acute symptoms; pre-existing heart disease may have been known to be present, but the time and mode of death are unexpected'.\[[@ref1]\]

The key concepts in the definition of sudden death are the non-traumatic nature of the event and the fact that sudden death should be unexpected and instantaneous.

Prediction and prevention of SCD is an area of active investigation, but considerable challenges persist that limit the efficacy and cost-effectiveness of available methodologies.\[[@ref2]\] It was well recognized that optimization of SCD risk stratification would require integration of multi-disciplinary efforts at the bench and bedside, with studies in the general population. This integration has yet to be effectively accomplished. There is also increasing awareness that more investigation needs to be directed towards the identification of early predictors of SCD.\[[@ref3]\]

Significant advancements have recently occurred for risk prediction in the inherited channelopathies and other inherited conditions that predispose to SCD, such as hypertrophic cardiomyopathy.\[[@ref4]\] However, there is much to be accomplished in this regard for the more common complex phenotypes, such as SCD among patients with coronary artery disease.

Epidemiology {#sec2-1}
------------

SCD is the leading cause of death in industrialized countries and is responsible for 60-70% of all deaths of cardiovascular origin.

Overall incidence of SCD is between 0.36 and 1.28 per 1000 inhabitants per year.\[[@ref5]\]

The most frequently documented arrhythmia is ventricular fibrillation (75-80%) while bradyarrhythmias contribute in minor proportion. The single most important cause of death in the adult population of the industrialized world is SCD due to coronary disease. In 5-10% of cases, SCD occurs in the absence of coronary artery disease and heart failure\[[@ref1]\] \[[Figure 1](#F1){ref-type="fig"}\].

![Structural heart disease in cardiac arrest survivors](JCE-24-41-g001){#F1}

Approximately 65% of cardiac arrests occur in the presence of witnesses.\[[@ref6]\]

Incidence varies with age, sex, and the presence or absence of cardiovascular disease.

The peak incidence of the disease is between 45 and 75 years with prevalence in males of younger age, which is attenuated until the male: female ratio becomes about 2:1 in the decade 65-74 years.

The incidence of sudden cardiac death also shows a circadian rhythm with prevalence between 6 a.m. and noon.

Patophysiology {#sec2-2}
--------------

The pathophysiology of SCD is complex and is believed to require the interaction between a transient event and an underlying substrate. This process induces electric instability and lethal ventricular arrhythmias followed by hemodynamic collapse. Population studies in many industrialized countries have demonstrated that the risk factors for SCD are predominantly the same as those for atherosclerotic coronary disease, namely increasing age, male gender, family history of coronary artery disease, increased LDL cholesterol, hypertension, smoking, and diabetes mellitus. SCD may occur also as a consequence of an inherited genetic abnormality affecting the key proteins of the heart. Evidence supporting the existence of a genetic "susceptibility factor" predisposing to SCD has emerged from large-scale epidemiological studies that have demonstrated a familial association of SCD.

The practical implications of current knowledge about the genetic basis of SCD are to encourage the assessment of family history in survivors of SCD. Once familial clustering of cardiac arrests or SCD has been established, the presence of a monogenic disorder (Brugada syndrome, long QT syndrome, hypertrophic cardiomyopathy, etc.) should be carefully evaluated, particularly if these events occurred at a young age.

Coronary artery disease (CAD) is still the most common substrate underlying SCDs in the Western world, being responsible for 75% of SCD. Cardiomyopathies (dilated, hypertrophic, and arrhythmogenic right ventricular cardiomyopathy) and primary electric disorders related to channelopathies account for most of the remainder. In 5% of SCDs or cardiac arrests, a significant cardiac abnormality is not found after extensive evaluation or at autopsy.

CAD predisposes to SCD in three general settings:

Acute myocardial infarction,Ischemia without infarction, andStructural alterations such as scar formation or ventricular dilatation secondary to prior infarction or chronic ischemia.

Presumably, the mechanism of SCD in cases without acute myocardial infarction (MI) is an electric event due to a ventricular arrhythmia triggered by ischemia or other arrhythmogenic stimuli in the setting of a chronically diseased heart.\[[@ref7]\] Ventricular fibrillation degenerates to asystole over the course of several minutes; as a result, the majority of SCD patients demonstrate asystole or pulseless electric activity when first examined by rescue teams.

The overwhelming majority of SCD occurs in the general population and approximately 55% of men and at least 68% of women have no clinically recognized heart disease prior SCD.

Furthermore, several electrocardiographic risk markers have emerged from cohorts and community-based studies more likely reflect the general population. These include a prolonged QT interval\[[@ref8]\] and the T peak-T end interval.\[[@ref9]\]

There is a considerable interest in using markers that reflect arrhythmia substrates more directly, and therefore, enrich the prediction of SCD events. Invasive electrophysiological testing using programmed cardiac stimulation adds considerable specificity to identification of patient populations with ischemic heart disease who are at risk for SCD and who, therefore, may benefit from ICD therapy. In contrast to invasive electrophysiological testing, non-invasive tests for predicting SCD are clearly more attractive in a clinical strategy for widespread screening.

SINGLE CONDITIONS {#sec1-2}
=================

Scd in myocardial infarction {#sec2-3}
----------------------------

The most important cause of SCD is represented by ischemic heart disease of which it represents the most acute manifestation.\[[@ref10]\] In patients with chronic post-infarction ischemic heart disease, the incidence of SCD, one year after the event, is 3-5%. In this population, the risk factors are: Previous MI, left ventricular dysfunction (FE ≤35%), inducible sustained ventricular tachycardia. In such patients, the presence of an arrhythmogenic substrate, acute ischemia, severe contractile deficit, electrolyte disturbances, of modulating factors (changes in the autonomic nervous system, drugs) are variously represented in determining SCD.\[[@ref11]\]

Ischemia, from a pathogenic point of view, is involved in the onset of ventricular arrhythmias during myocardial infarction in a different manner depending on the distance in time of onset of symptoms. In the early hours, acute ischemia causes multiple ionic and metabolic alterations that lead to electrophysiological heterogeneity at the cellular level, at the base of re-entry circuits. In the 24-72 hours following the alterations of the action potential ischemia causes, the abnormal pulse generation in the islands of tissue survived and in the border area: It is a mechanism of enhanced automation and/or triggered activity.\[[@ref12]\]

Hypertrophic cardiomyopathy {#sec2-4}
---------------------------

Hypertrophic cardiomyopathy is a relatively common cardiac disorder in which sudden unexpected death is the more devastating component, occurring throughout life, but particularly in young asymptomatic patients. This disease has a prevalence of about two cases per 1,000 young adults with an incidence of SCD, which is 2-4% per year in adults and 4-6% per years in children and adolescents.\[[@ref13]\] In these individuals, the main risk factors for SCD are represented by family history of SCD, history of SCD or sustained ventricular tachycardia, recurrent syncope, multiple episodes of non-sustained ventricular tachycardia (NSVT), and especially a massive hypertrophy of the left ventricle. Regarding the latter factor, it has been seen, in fact, that the entity ventricular hypertrophy is directly correlated with the risk of SCD and is an independent predictor of prognosis in the short and long term.\[[@ref14]\]

Dilated cardiomiopathy {#sec2-5}
----------------------

It represents the substrate of about 10% of SCD in the adult population and mortality ranges from 10% to 50% annually, depending on the severity of the pathology. In a series of 14 old studies involving 1432 patients, the mortality rate after four years of follow-up was 42%, with 28% of deaths classified as "sudden".\[[@ref15]\]

The presence of NSVT in these patients identifies those at high risk, and the presence of return pulses along an accessory beam is an important cause of ventricular tachycardia; the terminal event can also be a condition of asystole or electromechanical dissociation, especially in patients in whom there is already a significant impairment of ventricular function.

Arrhythmogenic right ventricular cardiomyopathy {#sec2-6}
-----------------------------------------------

Arrhythmogenic right ventricular cardiomyopathy is one the major causes of SCD in the pre-CAD age group. Although predictive markers of SCD have not yet been defined in large prospective studies, SCD occurs more frequently in patients with extensive right ventricular changes and in those with left ventricular involvement.\[[@ref16]\]

The prevalence of the disease is not well-defined and varies from 1:1000 to 1:10000 per year with an annual incidence of SCD of 2%. Exercise is often a precipitating factor in the pathogenesis of terminal arrhythmic event, which is typically a ventricular fibrillation (while atrioventricular disorders are rare). The left ventricle involvement, however, seems to be the main predictor of SCD, while, in risk stratification, is still doubtful the importance of familiarity, early onset (\<20 years), electrocardiographic abnormalities of repolarization, of previous syncope.

Athletic heart {#sec2-7}
--------------

Sudden and unexpected death in young, trained athletes is predominantly due to underlying and usually unsuspected congenital cardiovascular disease. The most important of these appear to be hypertrophic cardiomyopathy, anomalous origin of coronary artery, and arrhythmogenic right ventricular cardiomyopathy.\[[@ref17]\]

Scd and channelopathies {#sec2-8}
-----------------------

In the last 15 years, the results of mutation screening in sudden unexplained death syndrome or sudden infant death syndrome, the so-called molecular autopsy, have been reported in several studies. The identification of the genes underlying the inherited arrhythmogenic syndromes has greatly contributed to the understanding of the substrate for arrhythmias development but, more importantly, it has provided major practical information that are helpful when managing affected individuals. The identification of a mutation allows us to establish the diagnosis independently from the electrocardiographic features and the arrhythmic manifestations. When screening family members of a genotyped proband, an unexpectedly large number of carriers of the genetic defect are identified among relatives that were considered non-affected based on clinical evaluation.\[[@ref1]\]

Based on current evidence, it seems that genetic information alone or in combination with other clinical variables could represent a novel and useful parameter for risk stratification with immediate contribution to clinical practice.

Although genotyping is already worth being pursued in all patients with inherited genetic disorders, it is expected that its contribution to medical practice will increase when some of the gaps in understanding of the links between DNA defects and clinical phenotype are filled.

(*Gene connection for the heart: A project of the study group on molecular basis of arrythmias. Fondazione Salvatore Maugeri* <http://pc4.fsm.it:81/cardmoc/>).

In analogy with what happens in the genetics of inherited cardiomyopathies, in arrhythmogenic disorders, the "same" phenotype is associated with multiple genetic defects; this phenomenon is called "genetic heterogeneity".

Channelopathies associated with prolonged repolarization {#sec2-9}
--------------------------------------------------------

### Long QT syndrome (LQTS) {#sec3-1}

LQTS is defined as an arrythmogenic disorder in the structurally normal heart presenting with QT prolongation that is often associated with peculiar ST-T wave morphology, syncope, and sudden death.\[[@ref18]\]

The number of genes known to cause LQTS has steadily increased over the last 15 years. However, even after extended screening, mutations in the first three genes identified in the early 1990s (KCNQ1, KCNH2, and SCN5A) still account for the vast majority (80-90%) of patients.

LQTS diagnosis should be considered in all patients presenting with QTc \>440 milliseconds in male patients and \>460 milliseconds in female patients. Except for the Timothy syndrome and rare SCN5A mutations, the presence of structural abnormalities and of acquired causes of QT prolongation should be excluded. Given the presence of incomplete penetrance and QT variability, exercise stress testing, Holter monitoring, and pharmacological challenge may be useful as diagnostic tests.\[[@ref19]\]

Once diagnosis is established, beta-blockers therapy is recommended. LQT1 patients respond very well to beta-blockers.\[[@ref20]\] Compared with LQT1 patients, LQT2 and LQT3 patients have a higher recurrence rate of arrhythmic events while on therapy.\[[@ref21]\]

The implantation of an implantable cardioverter-defibrillator (ICD) may be considered on evidence of beta-blocker failure and in selected high-risk individuals.

Channelopathies associated with abbreviated repolarization and conduction defects {#sec2-10}
---------------------------------------------------------------------------------

LQTS is caused by a loss-of-function mutation in a channel that conducts a repolarizing current and a gain-of-function mutation in a channel that carries a depolarizing current. When the opposite effects occur, mutations cause completely different diseases such as Brugada syndrome (BrS), short-QT syndrome, early repolarization syndrome, sinus node dysfunction, and progressive conduction defects.

Brugada syndrome (brs) {#sec2-11}
----------------------

BrS is characterized by ST segment elevation with "coved" morphology in the right precordial leads and complete or incomplete right bundle-branch block.\[[@ref22]\] This ECG pattern is intermittent and may be unmasked by pharmacological challenge with sodium channel blockers such as procainamide, flecainide, ajmaline, or pilsicainide. The onset of ventricular arrhythmias causes the occurrence of syncope and may lead to sudden death, usually at rest. Syndrome manifestations occur more frequently in young males (with male:female ratio of 8:1) aged between 30 and 40 years.\[[@ref23]\]

The electrophysiological mechanisms of BrS are still not completely known. It has been suggested that the arrhythmogenic substrate is due to the altered balance of inward and outward currents that is too much in favor of the latter in the early action potential phases (mainly during phase 1, loss of action potential dome), particularly in the epicardial layers.

This "selective" action potential shortening increases transmural dispersion and favors re-entry.\[[@ref24]\]

Management of BrS is based on the use of ICD in selected high-risk individuals. No drug has been definitely proven effective in reducing the cardiac arrest burden. It is, therefore, clear that risk assessment is a key issue in this condition to tailor the use of ICD therapy.

Short-QT syndrome {#sec2-12}
-----------------

Another newly discovered disease that increases the risk of SCD in young people is the short QT syndrome caused by a genetic defect in a channel for potassium, produced by the KCNJ2 gene and clinically characterized by arrhythmias and repeated unexplained fainting.\[[@ref25]\]

Short-QT syndrome is described as a disorder characterized by abbreviated QT interval, ventricular and atrial arrhythmias, and SCD. There have been 70 short-QT syndrome cases reported worldwide, with the mean QTc value in the entire population of 310 milliseconds (The upper limit set by the majority of groups is between 340 and 350 milliseconds). Symptomatic (sudden death or cardiac arrest) individuals, accounting for 25% of the total, tend to present with shorter QTc (average, 300 milliseconds).

Channelopathies associated with abnormal calcium handling {#sec2-13}
---------------------------------------------------------

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is characterized by polymorphic ventricular tachycardia in the absence of structural cardiac abnormalities, clinically described by recurrent syncopal episodes that occur in people who often have a family history of such episodes.

CPVT is characterized by a high incidence of cardiac events among untreated patients (79% in patients up to 40 years of age) and 30% incidence of SCD.\[[@ref26]\]

Investigations directed to disclose the molecular basis of CPVT led to the identification of mutations of two genes, the ryanodine receptor RyR2 and the cardiac calsequestrin CASQ2, which are associated with the autosomal dominant and recessive forms of CPVT, respectively.

When a CPVT diagnosis is established, beta-blockers should be administered. Although this approach affords protection in the majority of patients, 30% experience at least one arrhythmic event while on therapy.\[[@ref27]\] In these cases an ICD may be indicated.

Clinical manifestation and therapy {#sec2-14}
----------------------------------

The onset of cardiac arrest, which is the mechanism that precedes SCD, can be associated with the typical symptoms of acute cardiac events, i.e., chest pain, dyspnea or orthopnea, fatigue, sudden onset of sustained tachycardia, and palpitations. When symptoms appear, the complete loss of consciousness follows, and in the absence of early intervention, within a few minutes, death occurs. However, in many cases, the onset of SCD is completely unexpected, without warning signs.

Dramatic survival rates that we find in the literature vary from 2% to 44%\[[@ref28]\] depending on appropriateness and rapidity of the therapeutic intervention, with a mortality rate of 100% if the patient is not resuscitated.

In the event of a cardiac arrest, execution of a correct procedure for cardiopulmonary resuscitation within a few minutes after the event is the only chance of survival for the patient.

The obvious difficulties and poor results reached by the "treatment" of cardiac arrest, however, emphasize the importance of prevention that is divided into primary and secondary according to the presence or absence of a history of potentially fatal tachyarrhythmias and/or cardiorespiratory arrest.

However, SCD prevention is largely an issue of primary prevention because only a small proportion, less than 5%, of people who experience SCD have a history of episodes of ventricular tachycardia or fibrillation.

It is, therefore, crucial to correct risk factors for cardiovascular mortality and identify populations at increased risk for SCD, which may be favored by specific therapeutic aids. Although therapies exist for treatment of life-threatening ventricular tachyarrhythmias and prevention of myocardial infarction/coronary artery plaque rupture, significant challenges exist in identifying the individual patient within population subgroups who is at substantial personal risk of these events, and in whom the most intensive therapies could and should be applied.

Regarding drug therapy, it is now clear that many of the anti-arrhythmic drugs can cause anomalies that can become life-threatening arrhythmias.\[[@ref29]\]

Randomized clinical trials support the use of implantable defibrillators for mortality reduction in specific populations at high risk for SCD.\[[@ref1]\]

The implementation of primary prevention of SCD should also consider the costs of conducting a screening of candidates, which is much more accurate, in order to identify those at highest risk that are able to obtain the greatest benefit from the installation of the defibrillator.

Considering the above limitations in the application and dissemination of strategies for primary and secondary prevention, the utilization and implementation of therapeutic strategies that can positively influence the mortality of patients with cardiopulmonary arrest outside the hospital seem fundamental.

ROLE OF IMAGING TECHNIQUES IN SCD SUBSET {#sec1-3}
========================================

The accurate identification of patients at risk for SCD is a mission of research in cardiology and cardiac imaging. Multiple invasive and noninvasive tests have been evaluated but currently no optimal strategy for risk stratification exists. [Table 1](#T1){ref-type="table"} Advantages of Non Invasive Imaging Modalities

###### 

Advantages of non-invasive imaging modalities

  -----------------------------------------------------------------------------------
  No radiation burden
  No iodinated contrast
  Quantification of left ventricular ejection fraction
  Quantification of left ventricular volume indexes
  Evaluation of right ventricular pathology
  Differentiation of types of cardiomyopathy (ischemic, non-ischemic, infiltrative)
  Visualization and quantification of scar
  Area of no-reflow in ischemic cardiomyopathy
  Interstitial fibrosis
  Evaluation for anomalous coronary artery
  -----------------------------------------------------------------------------------

Regardless of the underlying structural heart disease, the use of ICD for secondary prevention of SCD is supported by extensive evidence demonstrating the superiority of ICD over antiarrhythmic drug therapy in reducing SCD and all-cause mortality of patients resuscitated from cardiac arrest.\[[@ref30]\] However, recommendations for ICD implantation for primary prevention in patients with other structural heart diseases, such as hypertrophic cardiomyopathy or right ventricular arrhythmogenic dysplasia, rely on prospective registries or retrospectively analyzed series and predictive markers of SCD, including imaging ones, have not been definitively established.

Left ventricular ejection fraction (EF) by echocardiography is the most widely used measure of left ventricular systolic function. It is promptly accessible, easy, and fast to measure. Echocardiography is a Class I indication (Level of Evidence B) for patients with ventricular arrythmias suspected of having structural heart disease as well for the subset of patients at high risk for the development of serious ventricular arrhythmias or SCD, such as those with cardiomyopathies, MI survivors, or relatives of patients with inherited disorders associated with SCD.\[[@ref1]\]

Reduced EF is the principal risk factor for overall mortality and SCD in the heart failure population. The relationship between EF and death due to heart failure and ventricular arrhythmias in patients with MI and non-ischemic dilated cardiomyopathy is well-established.\[[@ref31][@ref32][@ref33][@ref34]\]

The prognostic value of impaired left ventricular function for overall mortality and SCD persists despite progress in treatments for acute MI.\[[@ref35]\]

However, we should consider that the relationship between SCD and EF could be spurious in some way, considering the null effect of ICD implantation in the earliest phases (i.e., \>40 days) after MI or ischemic events, thus suggesting that low LVEF may be as much a marker for death due to progressive pump failure as it is for death due to SCD.\[[@ref36][@ref37]\]

More strikingly, the vast majority of SCD is dramatically observed in otherwise healthy subjects or trained athletes, with supposed normal or super-normal EF, thus revealing the limited role of this parameter in risk assessment and claiming for new imaging markers of risk.\[[@ref38]\]

As a correlate, it should also be considered that many patients with indications to ICD based on EF criteria, according to current guidelines,\[[@ref1]\] experience the side effects of this therapy (inappropriate shocks; device related complications).\[[@ref39]\] These observations underscore the limited accuracy of EF to identify patients at high risk for SCD.

A multimodality imaging approach is actually the most important tool to provide comprehensive information on different pathophysiological mechanisms related to SCD \[[Table 2](#T2){ref-type="table"}\].\[[@ref40]\]

###### 

Imaging techniques and their role in SCD risk stratification (\*also forensic application)

  Imaging Technique       Parameter                    Utility
  ----------------------- ---------------------------- ------------------------------------------------
  Echocardiography        Ejection Fraction (EF)       Ischemic Heart Disease; Dilated Cardiomyopathy
                          Wall Thickness               Hypertrophic Cardiomyopathy
                          Right Ventricle              Right Ventricular Dysplasia
                          Ischemia/Viability(Stress)   Ischemic Heart Disease
                          Speckle Tracking Imaging     Regional deformation; tissue characterization
  CMR\*                   Ischemia/Viability           Ischemic Heart Disease; Cardiomyopathies
                          Tissue Characterization      Right Ventricular Dysplasia
                          Scar                         Ischemic Heart Disease; Cardiomyopathies
                          Tagged MRI                   Regional deformation
                          MRI tractography             Fiber distribution
  SPECT                   Ischemia/Viability           Ischemic Heart Disease
                          Scar                         Ischemia; Cardiomyopathies
                          Sympathetic Innervation      Heart Failure
  PET                     Hybernating Myocardium       Heart failure; ischemia
                          Sympathetic Innervation      Heart Failure Cardiomyopathies
  Computed Tomography\*   Tissue Characterization      Ischemic Heart Disease; Cardiomyopathies

Based on Bertini M, Schalij MJ, Bax JJ, Delgado V. Emerging role of multimodality imaging to evaluate patients at risk for sudden cardiac death. Circ Cardiovasc Imaging 2012;5:525-35

Beside EF, echocardiography is able to offer a more deep insight into cardiac structural alterations, as well-functional implications of conditions at risk for SCD. Its intrinsic low costs, makes echocardiography the baseline ideal tool for screening of relatives of patients with aborted SCD or inherited arrythmogenic cardiomyopathies. For example, evaluation of wall motion anomalies, wall thickness, or right ventricle is able to reveal in a simple, fast, and cost-saving manner the presence of ischemia, pathological hypertrophy (suspect for hypertrophic cardiomyopathy; high risk for SCD when septal hypertrophy is \> 30 mm) or hypothesize right ventricular dysplasia, demanding further investigations \[[Figure 2](#F2){ref-type="fig"}\].

![Assessment of arrhythmogenic substrate in hypertrophic cardiomyopathy: On 2D echocardiography, septum thickness \>30 mm is a risk factor for ventricular arrhythmias](JCE-24-41-g002){#F2}

Recent advances in tissue deformation imaging (speckle tracking) reveal the great potential for echocardiography to associate mechanical properties to genetic alterations (channelopathies), linking electrical to anatomical substrate. Speckle tracking imaging also allows a better evaluation of ischemic myocardium (peri-infarcted areas) with subsequent implication for risk stratification. The presence of impaired segmental longitudinal strain in the peri-infarct zone was independently associated with an increased risk of appropriate ICD therapy for VF/TV.\[[@ref41]\]

Subtle electric derangements may cause mechanical dysfunction. Two dimensional speckle tracking echocardiography has unraveled inhomogeneous myocardial contraction within the left ventricle in patients with long-QT syndrome. In 101 genotyped long-QT mutation carriers, including 48 symptomatic patients with documented ventricular arrhythmias, longitudinal, and circumferential LV myocardial strain was measured with two-dimensional speckle tracking echocardiography. Subendocardial (longitudinal) and midmyocardial (circumferential) mechanical dispersions were significantly larger in symptomatic carriers as compared with asymptomatic carriers.\[[@ref42]\]

Increasing evidence suggests that the presence and extent of myocardial tissue heterogeneity with regions of scar and interstitial fibrosis provide a substrate for ventricular arrhythmias that is believed to be the major cause of SCD, both in ischemic and non-ischemic cardiomyopathy.\[[@ref43]\]

Cardiac magnetic resonance (CMR) is a non-invasive imaging modality that visualizes and quantifies myocardial scar with late gadolinium enhancement (LGE), with growing evidence delineating its additive value in identifying patients at higher risk for SCD with proven histopathological correlation\[[@ref44][@ref45]\] \[[Figure 3](#F3){ref-type="fig"}\].

![Role of CMR in the differential diagnosis: LEFT: Long axis late enhancement image in a patient with an inferior wall infarction with subendocardial enhancement in the territory of the right coronary artery RIGHT: 4-chamber late enhancement image in a patient with idiopathic dilated cardiomyopathy with midmyocardial enhancement](JCE-24-41-g003){#F3}

A minor but important role in tissue characterization is recognized also for contrast-enhanced multi-detector row computed tomography.\[[@ref46]\]

CMR has no ionizing radiation burden or iodinate contrast use, is able to quantify more accurately than standard echocardiography chamber volumes and EF, allows a direct visualization of coronary arteries excluding possible anomalies, and is actually a good standard in evaluation of right ventricle (dysplasia).

Because of its high spatial resolution, CMR differentiates the various scar patterns and detects areas with interstitial fibrosis (necrosis) or edema (myocarditis; acute ischemia).\[[@ref47][@ref48]\]

There is growing evidence delineating the strength and additive value of CMR in identifying patients at risk for SCD.

The extent of myocardial scar is an independent predictor of ventricular arrhythmias.\[[@ref49][@ref50]\] Delayed contrast-enhanced CMR has the highest spatial resolution for assessment of scar tissue and has further increased the understanding of the pathophysiology of SCD in patients with ischemic heart disease. Initial reports demonstrate the superiority of myocardial scar burden on contrast-enhanced CMR over EF for prediction of ventricular arrhythmias.\[[@ref51]\] Also, in hypertrophic and dilated cardiomyopathy, CMR revealed the importance of scar burden in determining SCD.

In hypertrophic cardiomyopathy, variable patterns of contrast-enhancement can be observed: Transmural and non-transmural contrast-enhancement in focal, multifocal, or confluent patterns.

Tagged CMR is able to accurately evaluate tissue deformation, offering a deep insight into myocardial mechanics.

Nuclear imaging as well as stress echocardiography and, more recently, myocardial perfusion CMR provide further risk stratification of patients with suspected ischemic heart disease by assessing ischemia and viability that may influence the arrhythmogenic substrate. Exercise or pharmacological stress testing are Class I recommendation in patients with arrythmias and intermediate probability of having ischemic heart disease.\[[@ref1]\]

Even if two-dimensional and contrast echocardiography remain the imaging techniques of choice for arrhythmogenic right ventricular cardiomyopathy diagnosis, contrast-enhanced MRI has emerged as a valuable tool to characterize the right ventricular myocardium. Regional akinesia, dyskinesia, or dyssinchronus right ventricular contraction along with right ventricular dilatation or impaired systolic function assessed with MRI are major diagnostic criteria. Contrast-enhanced MRI has demonstrated to be a valid alternative to endomyocardial biopsy. This fibrous or fibrofatty replacement of the right ventricular myocardium appears as bright, hyperenhanced areas on contrast-enhanced MRI.

Radionuclide techniques are also able to assess the extent of scar formation.\[[@ref52][@ref53]\] With thallium-201 (201Tl) or technetium-99m (99mTc) sestamibi/tetrofosmin Single Photon Emission Computed Tomography (SPECT) imaging, myocardial scar is visualized as fixed perfusion defects, and it is associated with risk of adverse events, including arrythmic events and SCD.

SPECT has shown to be an effective method of risk stratification in patients with known CAD but relatively preserved EF (\>35%). The presence of ischemia is a strong prognostic indicator also in hypertrophic cardiomyopathy.\[[@ref54]\]

Association between myocardial viability assessed with Positron Emission Tomography (PET) and risk of ventricular arrhythmias has also been explored. 18-fluorine (18F) fluorodeoxyglucose PET allows evaluation of hibernating myocardium and flow-metabolism mismatch pattern (myocardial hypoperfusion with enhanced glucose myocardial metabolism), a pattern at risk for arrythmic events.\[[@ref55]\]

Other non-invasive imaging modalities such as stress myocardial perfusion CMR and stress echocardiography have also provided important prognostic information.\[[@ref56][@ref57]\] Particularly, integrated myocardial ischemia and scar assessment with vasodilator stress CMR perfusion and contrast-enhanced CMR has demonstrated to be a powerful risk stratification tool.

Cardiac sympathetic innervation imaging has emerged as an important risk stratification tool for patients with ischemic heart failure and non-ischemic cardiomyopathies. Using radiolabeled norepinephrine analogs, the anatomic integrity and function of the sympathetic nerve terminals of the heart can be evaluated with SPECT and PET imaging.\[[@ref58]\]

Carbon-11 (11C) hydroxyephedrine (HED) is the most widely used PET tracer to quantify the density of sympathetic nerve terminals and its cardiac uptake correlates with norepinephrine tissue concentration.\[[@ref59]\] Reduced retention of 11C-HED on PET images indicates the presence of regional sympathetic denervation, at risk for arrythmic events. The SPECT tracer 123-iodine (123I)-metaiodobenzylguanidine (MIBG) mimics the uptake, storage and release of norepinephrine in the sympathetic nerve endings. However, 123I-MIBG is not metabolized and does not interact with postsynaptic receptors allowing visualization of the sympathetic postganglionic presynaptic fibers using both planar and SPECT imaging.

Imaging techniques also play a very important role in forensic post-mortem practice.\[[@ref60]\] In the last 20 years, computed tomography and MRI have been increasingly used in routine practice and research. Ideally, these techniques, confirming autoptic findings, should furnish a faster and non-invasive diagnostic insight to pathologist.

Post-mortem CT angiography (PMCTA) enables the investigation of the vascular lumen.\[[@ref61]\] At present, coronary arteries are investigated using PMCTA and/or Post-mortem Magnetic Resonance angiography (PMMRA).\[[@ref62]\]

Post-mortem Magnetic Resonance enables the detection of myocardial infarction and the estimation of infarct age based on signal behavior as well myocardial structure in cardiomyopathies.\[[@ref63]\]

CONCLUDING REMARKS: FUTURE DEVELOPMENT {#sec1-4}
======================================

Thanks to the work of several groups, the community has witnessed a remarkable growth of the awareness of inherited arrhythmogenic disease. The role of these conditions as key determinants of juvenile sudden death is now largely recognized. Currently, there is a large gap between the clinically useful information that we may derive from genetic testing of the more prevalent variants and the scant insight provided by the screening of rare genetic forms that account for 1% to 5% of all cases.

The goal for the future is to fulfill the transition from a population-based management to personalized therapeutic strategies.

There are actually no models for SCD risk prediction among the general population despite multiple studies reporting on individual risk factors. Risk stratification algorithms based on findings from epidemiological studies that evaluate traditional cardiovascular risk factors, lifestyle, and dietary habits, imaging and biological markers, and genetic variants in combination may aid in the identification of susceptible subgroups within the population. It will also be critical to determine whether novel markers associate with SCD to a greater extent than with other manifestations of heart disease.

The heritability of SCD remains poorly understood with the current data. Because of the rapid development of next-generation sequencing technologies, large-scale sequencing projects are becoming possible that will allow the examination of rare genetic variation as a component of SCD risk. SCD is a complex disorder that has been a research and clinical focus for several decades. As our understanding of this condition continues to improve with epidemiological studies, experimental investigations, and clinical trials, strategies to reduce the incidence and lethality of SCD across the population remain important priorities. Low-risk interventions and therapies that are directed toward cardiovascular disease in general and SCD specifically will likely help reduce the burden of SCD in the population.
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